The degree of distortion in dye curves due to sampling and recording systems was estimated and appropriate correction factors were determined. These factors were used in recording corrected dye curves in circulatory models and during left heart catheterization. Calculations of ventricular ejection fractions and volumes were made .from the corrected curves.
densitometer cuvette to the sampling site in the vasculature and various rates of blood withdrawal (Rossi, Powers, and Dwork, 1953; Lacy, Emanuel, and Newman, 1957; Sheppard, Jones, and Couch, 1959; Sherman, Schlant, Kraus, and Moore, 1959; Milnor and Jose, 1960) . In general, such investigations have been concerned with an analysis of the effect on various specific parameters of the curvefor example, appearance time, build-up time, mean transit time, and peak concentration. The results of these experiments have been applied to obtain corrected values for these individual parameters. The purpose of the present study is to obtain a correction which may be utilized to remove the distortion due to the sampling and recording systems from the entire dye dilution curve.
In order to analyse the effect of the sampling system upon the recorded curve, the techniques of systems analysis may be utilized. In general, in any linear system, it may be considered that a relationship exists between any input function and its related output function which is characterized by the transfer function for the specific system under study. This is illustrated for a dye dilution system in the block diagram :
Using Laplace transform analysis this may be written as:
eq.
(1) F(s) = Laplace transform of the recorded curve of dye concentration with respect to time (output function) G(s) = Laplace transform of the intravascular concentration of dye with respect to time (input function) H(s) = Transfer function of the sampling and recording system If two of the functions in equation (1) are known, it is possible to derive the third function. For the dye dilution curve system, F(s), the output function is available. It would be desirable to be able to determine G(s), the undistorted input function. The aim of the present investigation was to recreate the intravascular curve directly from the conventionally recorded dye curve. In order to do this, it was necessary first to determine the characteristics of the system and to calculate the appropriate correction factors. These factors were then used to construct an electronic, compensating network to which the ordinarily recorded dye curve, f(t), could be applied. In order to test the validity of the corrected curves, g(t), which were derived in this way, experiments were performed with a mechanical circulatory model. Finally, the compensation network was applied to dye curves recorded from patients at the time of catheterization.
F(s) = G(s). H(s) in which
was recorded on an oscilloscopic recorder.? Undyed blood was initially withdrawn by the constant rate pumpf at a rate of 37.8 ml./min. At time to the valve was rotated rapidly so that dyed § blood was withdrawn. It was assumed that this rapid switching from undyed to dyed blood would approximate a step excitation. To test this assertion, a potentiometer was affixed to the valve handle and a position vs time curve was obtained (Fig. 2) . As can be seen, switching time is approximately 0.08 sec. Since the rise time in the output is appreciably longer (greater than 2 sec), it may be assumed that the rapid rotation of the valve can indeed be considered a step excitation. The effect of variations in catheter geometry was studied by introducing two coils of 3 in. diameter into an 8F, 100 cm Sones catheter. The effect of marked variation in hematocrit was also evaluated. Figure 3 illustrates the response of a 7F, 100 cm NIH catheterll. With the exception of the first 0.2 sec the output curves consisted of a single exponential. Fig. 1 . Diagrammatic representation of system used for withdrawing blood through catheter and densitometer. Fig. 3 . The exponential curve of dye concentration obtained by applying a step input at to, using a 7F, 100 cm, NIH catheter for sampling.
Methods

*
This fact was verified by replotting the output curves on semi-log paper; all curves (after 0.2 sec) produced straight lines when replotted. The rounding off of the leading edge is a second order effect and was neglected. The time delay introduced by the sampling system was determined directly from the response curve and the time constant of the exponential from the slope of the replotted curve. The results are listed in Table 1 . Knowing the time constant ( T ) , it is possible to recreate the undistorted dye curve by adding to the uncompensated curve T times its first derivative. This may be written as: eq. (2).
Equation 2 states that the input function is equa! to the output function, plus a portion of the first derivative of the output function. The amount of f'(t) which must be added for compensation is dependent upon the time constant of the particular system being studied ( Table 1) . Using this information, a compensating network which performed the necessary differentiation and summation functions was constructed. By adjustment of a variable resistor, it was possible to compensate catheters with time constants varying from 0.01 to 2-10 sec. The compensating network is described in detail in Appendix B.
Using the compensation network a step input was again applied to the sampling system. Both the corrected and uncorrected response were displayed simultaneously. A typical response of a 100 cm #8 Sones catheter* with a 15 cm, 9 F polyethylene connecting tube is shown in Fig. 4 . The rise time of about 0.6 sec of the compensated curve was a considerable improvement over the 2 sec rise time of the uncompensated curve. Of more importance, almost all traces of the exponential decay were eliminated. an 8F, 100 cm, Sones catheter. b = compensated curve.
Application to Mechanical Circulatory Model
To test the validity of the system under dynamic conditions, experiments were performed using a mechanical circulatory model. A pulsatile pumpt was modified to have a fixed residual volume of 50 ml. and a variable stroke volume of 15 to 100 ml. Provision was made to enable injection of indocyanine green dye directly into the simulated ventricular chamber of the pump. A #9 French, 100 cm catheter was inserted directly above the outlet valve of the pump into the outlet tubing, which corresponds to a position directly and the uncompensated curves were recorded simulabove the aortic valve of a living subject. Curves were taneously (Fig. 6 ). The residual fraction was calculated obtained at different rates of pump frequency, as well from measurement of the ratio of the relative concenas at various ejection volumes. Both the uncom-trations of the steps of the downslope, as described pensated and the compensated curves were recorded above. End-diastolic volume was calculated in the simultaneously. A typical curve is reproduced in following manner: Fig. 5 .
The stroke volume was obtained from calculation of the cardiac output from the uncompensated curve by the Stewart-Hamilton technique (Hamilton, Moore, Kinsman, and Spurling, 1932) . Heart rate was determined from the simultaneously recorded electrocardiogram. All values of EDV were corrected for body surface area. The ratios of the relative dye concentrations of the steps which are visible on the downslope of the curve were used to calculate the residual fraction according to the method described by Holt (1956) .
, Cn+ =Successive beat-to-beat dye concentrations during downslope of curve. These values were then compared with the residual fractions which could be determined directly from the mechanical settings of the pump.
Applications to Cardiac Catheterization Dye dilution curves were performed on 12 subjects at the time of cardiac catheterization. Cardiogreen was injected into the left ventricle through a catheter inserted by the trans-septa1 technique (Brockenbrough and Braunwald, 1960) . A potentiometer was attached to the handle of the injecting syringe so that the exact time and duration of injection were recorded. The sampling catheters were positioned directly above the aortic salve and were inserted in a retrograde fashion through a brachial arteriotomy. No. 7 NIH, #8 Sones and #9 catheters were used for sampling. The dye curves were inscribed in a manner similar to that described earlier in this report. Both the compensated Fig. 6 . Dye curves recorded from a patient with aortic stenosis. Dye was injected into the left ventricle and sampled just distal to the aortic valve through a 7F, 100 cm., NIH catheter. a = uncompensated curve. b = compensated curve.
Results
Model Experiments
From the dilution curves recorded during the model experiments, it was possible t o calculate the residual fraction. This was then verified by comparison of the values which were determined by measurement of the pump efflux. Table 2 lists the results obtained in this fashion. These results are displayed graphically in Fig. 7 . The dye curves yielded values for residual fractions which were not significantly different from the actual, measured values. 
Results in Patients
The results of the cardiac output calculations from the compensated and uncompensated curves did not differ significantly. This finding would be expected on theoretical grounds (Appendix C). Values obtained for the residual fraction, enddiastolic volume, end-systolic volume, stroke volume, and heart rate are listed in Table 3 . The number of clearly visible steps varied from three to six. In general, there was only slight variation in the residual fraction calculated from successive steps in any subject in normal sinus rhythm. In two subjects with atrial fibrillation (excluded from Table 3 ) there was marked beat-to-beat variation. NO attempt was made to correlate anatomical diagnoses with residual fractions or end-diastolic volumes, because of the relatively small number of patients studied. 
Discussion
It is well known that the withdrawal of blood through tubing and a cuvette introduces distortion into indicator dilution curves. Several investigators have studied the source and magnitude of such distortion. Lacy et al. (1957) used square wave input signals to study the effect of varying the diameter and length of the sampling tubing as well as the rate of blood withdrawal. Their data were published in graphic form, but appear qualitatively similar to those obtained in the present study. The curves which were recorded appear exponential in form. Milnor and Jose (1960) studied the effect of variations in tubing dimensions and flow rates on various parameters of the curves. They derived regression equations which may be used for calculating corrected values for appearance time, build-up time, mean transit time, peak concentration, and slope time are dependent on the rate of flow through the sampling system as well as on its volume. Although application of these correction factors results in more accurate values for the mean slope of the curve, the beat-to-beat variations in dye concentration cannot be evaluated by this method.
Attempts have been made to reduce the degree of distortion by minimizing the volume of the sampling system and using very rapid rates of blood withdrawal. Holt (1956) was able to record stepwise decrements of dye concentration in the dog aorta by sampling at a rate of 6 ml./sec Wilcken (1965) used 5F catheters, 32-36 cm in length, inserted through the axillary artery in humans with a withdrawal rate of just over 1 ml./ sec. The 90% response time for this system was approximately 0.6 sec, but varied with the sampling rate which could be attained. Discrete downsteps are visible on the curve obtained in this manner from a normal subject. The accompanying curve from a patient with left ventricular failure exhibits steps which are less distinct. Freis, Rivara, and Gilmore (1960) sampled through 9F, 100 cm catheters inserted into the pulmonary artery of humans at a rate of 2.2 ml./sec or higher in order to record beat-to-beat variations. Three discrete steps are visible on their published curve. Levinson, Frank, Nadimi, and Braunstein (1967) made use of the data of Sherman et al. (1959) in their recent report. They withdrew blood from the human aorta just above the aortic valve at a rate of 75-120 ml./min. Clearly visible steps are present on their published curves. Bassingthwaighte, Warner, and Wood (1966) utilized a single lead network to compensate for the sampling system distortion in a manner similar to that reported here. They conluded that such a system did not furnish ideal correction and recommended the use of a sum of lead networks. The response to a step input using the single lead network was nearly identical to the results obtained in this study (Fig. 5). Bassingthwaighte et a/. (1 966) used their correcting network for the study of indicator dispersal in the circulation but did not apply it to measurement of ventricular volumes or ejection fractions. In the present study, emphasis was directed to measurement of beat-to-beat variations in dye concentration in the aortic blood. The model experiments demonstrated that the ejection fraction could be measured with a high degree of accuracy, despite the absence of perfect compensation. For this reason it seems justified to apply the compensation network to the human curves. Cooper, Schweikert, Arnold, and Lacy (1963) used an analogue computer for dye curve correction, but did not perform any curves in viuo.
Catheter coiling and changes in haematocrit produced relatively little change in the transfer functions which were determined. Caro (1966) also studied the influence of catheter coils and bends. He found differences as a result of changing the catheter shape. However, he used tubing of 5 mm inside diameter and flow rates far in excess of those used in the present study. In addition, fluid was pumped through the sampling system rather than withdrawn. It seems likely that such major differences in the experimental method could account for the discrepancy between Caro's findings and the present ones. Cooper el nl. (1963) also studied the effect of changes in catheter configuration. They found no difference between straight and U-shaped catheters. When coils or bends were introduced an effect on the curves was noted. Examination of their published illustration of curves obtained with straight and coiled catheters reveals very similar slopes of the decaying limbs of both curves. The major difference between the two exists in the very beginning of the curve, in the period of time where non-linearity and higher order effects were found in the present study. Since catheters are used either straight or with no more than a U-shaped bend in clinical practice, it seems justified on the basis of our findings and those of Cooper et al. (1963) to apply the compensation system as indicated.
The correction system being reported offers several advantages for routine application. The compensating network corrects for the distortion of the entire system, including the electronic components, rather than the sampling system alone.
The distortions of the entire curve are corrected by this technique rather than individual parameters as in the method of Milnor and Jose (1960) Lowenstein, Steinmetz, Effros, Demeester, Chasis, Baldwin, and Gomez (1967) have reported the use of a compensating system for the densitometer, but did not correct for the catheter sampling system. Excessively rapid blood withdrawal is not required and syringe pumps, which are available in most laboratories, may be utilized without modification. Many different types of catheters may be utilized without modification, so long as the time constant for each is measured. During this study, sampling was performed through catheters which had been inserted for diagnostic use. No special catheter introduction was required. The electronic components used in the compensating network are inexpensive and readily assembled. The correction which is employed is not an ideal one. This is apparent from the appearance of the compensated step function in Fig. 5 . Part of the deviation from true compensation is due to second or higher order components and non-linearities which are present. These are most pronounced at the beginning and end of the step function response. No attempt was made to correct for these higher order distortions. The feasibility of further compensation for these higher order effects is being studied at this time.
The values obtained for the residual fraction and end-diastolic volume reported here are in the same ranges as those obtained by Gorlin, Rolett, Yurchak, and Eliott (1964) ; Rolett, Sherman, and Gorlin (1964); and Bristow, Crislip, Farrehi, Harris, Lewis, Sutherland, and Griswold (1 964), using thermodilution techniques. Hugenholtz, Gamble, Monroe, and Polanyi (1965) attained very similar results using a fibre-optics system for in uiuo recording of indocyanine curves. Folse and Braunwald (1962) reported values in the same range for these parameters, using a precordial measurement of a radioactive indicator. The method reported here has the distinct advantage over thermodilution or ascorbic acid techniques of permitting calculation of the cardiac output as well as the ventricular volumes and residual fraction from a single curve. It seems to be well adapted for use in multiple, simultaneous measurements of cardiac output, residual fraction, and end-diastolic volume.
It should be noted that a compensation system of the type described in this report could be applied to other, first order systems with relatively slow responses, such as some thermistors. This would result in some elimination of distortion from curves obtained with these systems.
Summary
1. A systems analysis technique for correction of distortion due to sampling catheters in dye dilution curves is presented.
2. Measurements of residual fraction and enddiastolic volume were made in circulatory models.
3. Correction of dye curves in human subjects resulted in display of beat-to-beat variations in dye concentration in aortic blood.
4. Residual fractions and end-diastolic volumes were determined simultaneously with the cardiac output in 12 subjects. 
(t-T) y(t)
Hence, the actual dye curve input to the system may be recreated by taking the recorded curve and adding to it T times its first derivative.
Appendix B
The compensating network is depicted in Fig. 8 . The feedback resistor, R, was variable from 0 to 4.2 MQ in discrete steps of 20 kR. This, in conjunction with the 0.5 F capacitor, enabled the Compensator to be used for systems with time constants from 0 to 2.10. This range was more than sufficient for most catheter sampling systems. The frequency response of the differentiator was limited primarily by the output impedance of the densitometer which was about 3K. Hence, the unit will provide differentiation with less than 10% error for frequencies up to about 10 Hz. The time constant of the differentiator was 1.5 msec.
In operation, there was a significant 60 Hz noise level at the compensator output. To overcome this, the output of the differentiator was fed directly into a 60 Hz notch filter. The output of this filter, minus the derivative, was then subtracted from the densitometer to provide the required sum. The high input impedance of the balanced recorder permitted subtraction in this simple manner.
Appendix C
It is desired to prove that the calculation of the cardiac output is the same whether made from the compensated or uncompensated curve. For this calculation the area under the curve is the critical measurement and, as will be shown, this is unaffected by the first order compensator. Area under g(t) = Jmg(t)dt = j mf(t)dt = area under f(t) It would, therefore, be expected that the compensation should not introduce any error into the stroke volume and cardiac output determination.
